Background BAY 81-8973 is a full-length, unmodified, recombinant human factor VIII (FVIII) for the treatment of hemophilia A. Objective The aim of this study was to compare the pharmacokinetic (PK) profile of BAY 81-8973 with antihemophilic factor (recombinant) plasma/albumin-free method (rAHF-PFM) Patients/Methods In this phase I, open-label, crossover study, men aged 18-65 years with severe hemophilia A and C150 exposure days to FVIII were randomized to receive a single intravenous infusion of 50 IU/kg BAY 81-8973 or rAHF-PFM, followed by crossover to a single infusion of the other treatment. FVIII levels were measured in plasma over 48 h using one-stage and chromogenic assays. PK parameters, including area under the curve from time zero to the last data point (AUC last ; primary outcome) and half-life (t ) were calculated. A population PK model was developed to simulate various treatment scenarios. Results Eighteen patients were randomized and analyzed. Using both assays, geometric mean (coefficient of variation [%CV] 
Introduction
Treatment of hemophilia A typically requires factor VIII (FVIIII) replacement therapy. In most developed countries with adequate resources, FVIII prophylaxis is standard care for patients with hemophilia A [1, 2] . However, insufficient levels of infused FVIII resulting from suboptimal adherence to prophylaxis or individual differences in FVIII pharmacokinetics (PK) may result in breakthrough bleeding during prophylaxis [3] [4] [5] . Although the appropriate level of FVIII to prevent bleeding in individual patients varies [6, 7] , increased time spent with low FVIII levels is considered an important determinant of breakthrough bleeding during prophylaxis [8] . Thus, maintenance of FVIII above threshold levels for long periods is perceived to be beneficial. The desired threshold level for a given patient can vary based on the bleeding phenotype, activity level, genetic mutation, and other variables. Hemophilia treaters may target threshold levels of 1, 3, 5, or 10 IU/dL FVIII, or higher, while selecting a dosing regimen for prophylaxis [6] [7] [8] .
BAY 81-8973 is a full-length, unmodified, recombinant human FVIII that has the same amino acid sequence as Bayer's sucrose-formulated recombinant FVIII (rFVIII-FS; Kogenate Ò FS, Bayer, Berkeley, CA, USA) but produced with certain, more advanced manufacturing technologies [9] . The changes and enhancements to the BAY 81-8973 manufacturing process include use of a 20-nm viral filtration step capable of removing small non-enveloped viruses and potential protein aggregates; elimination of human-or animal-derived raw materials from the production process; and use of a new, more robust, and higher productivity cell line developed through introduction of the gene for human heat shock protein 70 [9] . Refinements to the manufacturing process of BAY 81-8973 have resulted in an rFVIII product of high and consistent purity with a consistently high degree of sialic acid capping of N-terminal glycans [9] , which may affect the half-life (t ) of some mammalian proteins [10] . BAY 81-8973 has an improved PK profile compared with rFVIII-FS, including increased area under the curve (AUC), t , and mean residence time (MRT), as well as decreased clearance (CL) [9] . The safety and efficacy of BAY 81-8973 for prophylaxis (two to three times per week) and on-demand treatment has been demonstrated in children, adolescents, and adults with severe hemophilia A [11] [12] [13] . The objective of the current study was to compare the PK profile of BAY 81-8973 with a marketed full-length rFVIII product, antihemophilic factor (recombinant) plasma/albumin-free method (rAHF-PFM). Data collected using the chromogenic assay were used to develop a population PK (popPK) model for BAY 81-8973 and rAHF-PFM to simulate various treatment scenarios in larger patient populations.
Methods

Patients
Men aged 18-65 years with severe hemophilia A (FVIII \1 IU/dL [%]) previously treated with FVIII for C150 exposure days were eligible for inclusion in the study. Patients must have also been able to stop FVIII treatment to complete a C3-day washout period before study entry and between treatments. Key exclusion criteria included the presence or history of an FVIII inhibitor (C0.6 Bethesda units/mL), diagnosis of any bleeding disorders other than hemophilia A, platelet count \75,000/mm 3 , serum creatinine [29 the upper limit of normal (ULN), and alanine aminotransferase or aspartate aminotransferase [59 the ULN.
Study Design
This was a phase I, single-dose, open-label, randomized, crossover study to compare the PK of BAY 81-8973 with rAHF-PFM (ClinicalTrials.gov identifier: NCT02483208). Patients (N = 18) were randomized according to a computer-generated randomization list to receive a single infusion of 50 IU/kg BAY 81-8973 (Kovaltry Ò ; Bayer, Berkeley, CA, USA) or 50 IU/kg rAHF-PFM (Advate Ò ; Baxalta, Westlake Village, CA, USA), followed by crossover to a single infusion of the other treatment, with washout periods of C3 days before each single dose. Both products were administered as 10-min intravenous infusions. Informed consent was provided by the patients, and the protocol was approved by the site's independent Ethics Committee/Institutional Review Board.
Pharmacokinetic (PK) Assessments
Plasma samples were collected predose and 0.25, 0.5, 1, 3, 6, 8, 24, 30 , and 48 h postdose for PK assessments. FVIII levels were measured using the one-stage and chromogenic assays, both of which are commonly used for PK studies conducted using FVIII products [9, [14] [15] [16] [17] . For the onestage assay, plasma concentrations of BAY 81-8973 and rAHF-PFM were determined by a turbidimetric assay with activated partial thromboplastin time measurement on the ACL Advance System (Instrumentation Laboratory, Bedford, MA, USA) against a calibration curve of standard human plasma. The calibration range of the procedure for 1-112% and a precision of 6.37-10.0%. For the chromogenic assay, FVIII activity of BAY 81-8973 and rAHF-PFM was determined in citrate plasma by an enzymatic activity assay with chromogenic readout using a commercially available kit and normal human plasma standard as a calibrator. The calibration range of the procedure for BAY 81-8973 was from 10.0 (LLOQ) to 500 IU/L (ULOQ). QC samples in the concentration range from 25.0 to 375 IU/L were determined with an accuracy of 94.3-106% and a precision of 3.75-7.09%. The calibration range of the procedure for rAHF-PFM was from 10.0 (LLOQ) to 500 IU/L (ULOQ). QC samples in the concentration range from 25.0 to 375 IU/L were determined with an accuracy of 98.8-106% and a precision of 2.65-4.00%. For both methods, samples above the calibration range were diluted with severe hemophilic plasma into the working dilution range before analysis. Dilution linearity and parallelism of QC versus patient samples has been proven during validation of the one-stage and chromogenic assays.
The following PK parameters were assessed using data collected from both assays: AUC from time zero to the last data point (AUC last ; primary variable), AUC from time zero to infinity (AUC inf ), maximum concentration (C max ), t , CL, MRT, and volume of distribution at steady state (V ss ). All parameters were calculated using noncompartmental methods (WinNonlin Ò software; Pharsight Corporation, Mountain View, CA, USA). AUC was calculated using the log-linear trapezoidal method, and t was calculated using the regression analysis of the linear part of the curve on a semilogarithmic scaled plot.
Population PK (PopPK) Model
A popPK model for BAY 81-8973 and rAHF-PFM was developed based on data obtained by the chromogenic assay. The analysis was conducted using the nonlinear mixed-effect modeling approach as implemented in NONMEM Ò (version 7, level 2.0; ICON, Hanover, MD, USA). A two-compartment model was used as the structural PK model (ADVAN5) and was parameterized by CL, volume of the central compartment (V1), intercompartmental clearance (Q), and volume of the peripheral compartment (V2). In the first step of the model development process, the PK of BAY 81-8973 and rAHF-PFM were assumed to be identical. In the next step, the model was sequentially redefined by testing whether BAY 81-8973 and rAHF-PFM have statistically significant differences in CL, V1, Q, and/or V2. Because of the small study size, no covariate analysis was conducted.
Individual PK parameters were derived from the popPK model and were used to estimate t and predict trough levels for a dose of 30 IU/kg BAY 81-8973 and rAHF-PFM administered twice weekly or three times weekly. Furthermore, the popPK model was used to simulate switching from 30 IU/kg rAHF-PFM twice weekly or three times weekly at steady state to the same dose and dosing frequency of BAY 81-8973.
Simulations
The popPK model was used to assess 'time to reach' and 'time below' FVIII threshold levels of 1, 3, 5, and 10 IU/dL based on a larger virtual patient population after administration of various doses of BAY 81-8973 or rAHF-PFM. Therefore, steady-state profiles for a virtual population (n = 1000 patients) were simulated. The proportion of patients above these thresholds and the required doses to achieve these thresholds were also compared between the two products.
Statistical Analysis
For statistical analysis of the PK parameters obtained by noncompartmental analysis, a log-normal distribution of the parameters was assumed. Log-transformed parameters were analyzed using analysis of variance (ANOVA), including sequence, patient (sequence), period, and treatment effects. Based on these analyses, point estimates (least squares) means and CIs (90% and 95%) for the BAY 81-8973:rAHF-PFM ratio were calculated by retransformation of the logarithmic data using the intraindividual SD of the ANOVA. A sample size of 16 patients was determined to be sufficient to compare PK based on expected intraindividual coefficients of variation between 12.5% and 20% for C max and AUC from previous studies with BAY 81-8973 and rFVIII-FS. The actual results from our study had intraindividual coefficients of variation of 12% and 6.8% for AUC based on the one-stage and chromogenic assays, respectively, and 10% and 4.9% for C max based on the one-stage and chromogenic assays, respectively.
Results
Patients
A total of 18 patients from a single center in Bulgaria were randomized and received single doses of BAY 81-8973 and rAHF-PFM. Mean ± SD age for all patients was 37.3 ± 13.8 years, and all patients were white. Demographic data for all 18 patients are provided in Table 1 . All patients completed the study and were analyzed.
PK Assessments
The FVIII concentration-time profiles show that at several timepoints, FVIII levels are higher for BAY 81-8973 compared with rAHF-PFM (Fig. 1) . Predose FVIII baseline values were similar in patients for both treatments. For the one-stage assay, 3/18 (range \LLOQ to 2.5 IU/dL) and 2/18 (range \LLOQ to 1.5 IU/dL) patients had FVIII levels above the LLOQ for BAY 81-8973 and rAHF-PFM, respectively. For the chromogenic assay, 4/18 (range \LLOQ to 2.8 IU/dL) and 3/18 (range \LLOQ to 2.0 IU/dL) patients had levels above the LLOQ for BAY 81-8973 and rAHF-PFM, respectively. AUC last was significantly higher for BAY 81-8973 compared with rAHF-PFM using the one-stage (1660 vs. 1310 IUÁh/dL, p \ 0.0001) and chromogenic (2200 vs. 1550 IUÁh/dL, p \ 0.0001) assays. Similar results were obtained for AUC inf (Table 2 ). The t was also significantly longer for BAY 81-8973 versus rAHF-PFM using the one-stage (14.5 vs. 11.7 h, p \ 0.0001) and chromogenic (13.9 vs. 12.0 h, p \ 0.0001) assays ( Table 2 ). Independent of the assay, MRT was significantly higher and CL was significantly lower for BAY 81-8973 compared with rAHF-PFM (all p \ 0.0001), while C max was similar for BAY 81-8973 and rAHF-PFM (Table 2 ).
PopPK Model and Simulations
The parameter estimates of the popPK model are shown in Table 3 . Visual predictive checks showed good agreement between the popPK model and the observed data. Model diagnostics (e.g. goodness-of-fit plots such as conditional weighted residuals and standard errors of parameter estimates) indicated a precise and robust estimation of all model parameters (Fig. 2 ). The popPK model was used to estimate t and predict individual steady-state trough levels following 30 IU/kg BAY 81-8973 or rAHF-PFM administered twice weekly or three times weekly based on individual PK parameters from the 18 patients in the randomized crossover study. In 16 of 18 patients, t was longer for BAY 81-8973 versus rAHF-PFM (Fig. 3) , while in the two remaining patients, t was 12.7 versus 13.1 h and 10.0 versus 10.9 h for BAY 81-8973 and rAHF-PFM, respectively. Trough levels were higher in 17 patients following BAY 81-8973 administered twice weekly compared with rAHF-PFM; for three-times-weekly administration, trough levels were higher in all patients after BAY 81-8973 administration (Fig. 4) . Typical concentration-time profiles showing FVIII activity 1 week before and 1 week after a simulated switch in treatment from 30 IU/kg rAHF-PFM twice weekly or three times weekly to BAY 81-8973 at the same dose and dosing frequencies are shown in Fig. 5 . (Table 6 ).
Discussion
This open-label, randomized study demonstrated improved PK properties of FVIII with BAY 81-8973 compared with rAHF-PFM following single doses. Mean t was 24% and 16% longer for BAY 81-8973 compared with rAHF-PFM using the one-stage and chromogenic assays, respectively. A prolonged t for BAY 81-8973 versus rAHF-PFM was observed in 16 of 18 patients, indicating that this was a consistent finding. The consistently high degree of sialic acid capping of N-terminal glycans in BAY 81-8973 as a result of a refined manufacturing process [9] may have affected the t of BAY 81-8973, as has been shown for some mammalian proteins [10] . In addition, AUC inf was 32% and 48% higher in patients after infusion with BAY 81-8973 compared with rAHF-PFM using the one-stage and chromogenic assays, respectively. The difference in the PK parameters based on the two assays is not uncommon for FVIII products [9, 15] . In general, the chromogenic assay has higher values for the same sample compared with the one-stage assay, which has been shown for many FVIII products. The popPK models for FVIII after administration of BAY 81-8973 and rAHF-PFM adequately describe the data from this study. The model parameters and results are consistent with a previous popPK analysis [18] and the PK data based on the noncompartmental analysis [9] . The comparison of BAY 81-8973 and rAHF-PFM PK in a single study, as has been done here, is advantageous because across-study comparisons of PK data, including t values, for FVIII products may lead to discrepant and misleading conclusions. For example, reported t for rFVIII-FS ranged from 12.0 to 13.7 h in two published studies and the US prescribing information [9, 19, 20] . In an Octapharma-sponsored study designed to show non-inferiority of simoctocog alfa (Nuwiq Ò ; Octapharma, Stockholm, Sweden) versus rFVIII-FS, t for rFVIII-FS was 16.1 and 18.8 h using the chromogenic and one-stage assays, respectively [14] . For rAHF-PFM, t ranged from 10.4 to 14.7 h across several studies [16, [21] [22] [23] [24] . PK variability is influenced by several factors. For example, FVIII CL is highly correlated with von Willebrand factor [25] . Therefore, for an adequate comparison of PK characteristics of FVIII products, the products should be evaluated in the same population of patients.
Similar randomized, single-dose, crossover study designs have been used to compare PK parameters between different rFVIII products in other clinical studies. B-domain-deleted rFVIII (BDD-rFVIII) was found to be bioequivalent to rAHF-PFM based on AUC and C max [26] . Turoctocog alfa was also found to be bioequivalent to rAHF-PFM using AUC, C max , incremental recovery, t , and CL [27] . In both studies, t was slightly shorter for BDD-rFVIII and turoctocog alfa versus rAHF-PFM [26, 27] . BAY 81-8973 was compared to its predecessor, rFVIII-FS, using a similar trial design; non-inferiority was demonstrated, and AUC and t were increased 19% and 15%, respectively, with BAY 81-8973 versus rFVIII-FS using the chromogenic assay (one-stage assay, 19% and 10% increase for AUC and t , respectively, vs. rFVIII-FS) [9] . Although several factors contribute to bleeding phenotype [3] , maintenance of FVIII coagulant activity (FVIII:C) levels above threshold levels has been shown to prevent bleeding [8] . Because of the heterogeneity of bleeding phenotype and the high interpatient variability of PK parameters, the optimal threshold level of FVIII:C to prevent bleeding is likely to vary among patients [28, 29] . Nevertheless, FVIII products with favorable PK profiles may increase FVIII:C trough levels to provide additional protection against bleeding [30, 31] . In the current study, simulations using the popPK model, which assumed equivalent efficacy of both products, showed that median time to a trough level of 1 IU/dL FVIII was longer for BAY 81-8973 versus rAHF-PFM, and that a lower dose of BAY 81-8973 compared with rAHF-PFM could achieve a threshold of 1 IU/dL FVIII. Furthermore, because increased trough levels are associated with bleeding protection in some patients [8, 28] , increased trough levels for BAY 81-8973 versus rAHF-PFM at the same dose may provide improved bleeding protection with BAY 81-8973.
In some patients, prolonged t and higher FVIII levels at various time points may allow for less frequent infusions while still maintaining desired threshold levels. Low annualized bleeding rates were reported in patients randomized to twice-weekly prophylaxis with BAY 81-8973 [12] . Although additional evidence is needed, low annualized bleeding rates may be the result of an improved PK profile for BAY 81-8973 compared with other FVIII products, such as rFVIII-FS [9] and rAHF-PFM (reported in this study).
A potential limitation of this study was the need to simulate trough levels at 72 and 96 h because samples were only collected up to 48 h, which is typical for the assessment of PK characteristics of FVIII molecules [9, 26, 27] . However, this potential limitation does not preclude predictions of trough levels at 72 and 96 h because the PK of FVIII molecules are well characterized and the popPK model provided an accurate description of the data. 
